Reduced torpor expression by hibernating mammals is often attributed to physiological constraints that limit their hibernation ability but may instead reflect adaptive, plastic responses to surplus energy availability. We evaluated this hypothesis by supplementing the food hoards of free-ranging eastern chipmunks (Tamias striatus) before hibernation and then documenting their use of torpor during the subsequent winter. In both years of study, chipmunks that received additional food were euthermic more than twice as frequently as nonsupplemented individuals. Furthermore, when food-supplemented individuals did express torpor, their minimum collar temperature was 5Њ-10ЊC warmer than nonsupplemented animals. These results indicate that reduced torpor expression by hibernators can result from an absence of energetic necessity rather than a lack of physiological capability and suggest that even endotherms sequestered in a hibernaculum may benefit from maintaining an elevated body temperature whenever possible.
Introduction
Although the evolution of a constant, elevated body temperature has permitted endotherms to occupy a wide range of thermal niches (Bennett 1991; Davenport 1992; McNab 2001) , many species retain the capacity to revert to heterothermy in anticipation of and during periods of energy limitation. This is accomplished by use of torpor, which involves a reversible reduction of body temperature and metabolism to levels more typical of ectothermic organisms (Lyman et al. 1982) . The capacity of many endotherms to express torpor reflects a general energetic paradox; high rates of expenditure can be either advantageous or disadvantageous according to whether energy is readily available or scarce.
In an accompanying article, we propose that even when sequestered in a hibernaculum, mammals may experience a tradeoff between the benefits and costs of torpor expression (Humphries et al. 2003) . The primary benefit of torpor is a substantial reduction in metabolism (Geiser 1988; Heldmaier and Ruf 1992) , which permits survival during prolonged periods of energy shortage on a fixed energy reserve (French 1992; Grigg and Beard 2000) . However, recent literature suggests that torpor may also be associated with substantial physiological costs, including sleep deprivation (Daan et al. 1991; Trachsel et al. 1991) , oxidative stress (Carey et al. 1999 (Carey et al. , 2000 , and reduced immunocompetence (Burton and Reichman 1999; Maniero 2000; Prendergast et al. 2002) . Thus, we argue that hibernators may face an optimization problem between the opposing costs and benefits of torpor expression and, as a result, may benefit from using available energy reserves to minimize their use of torpor during winter (Humphries et al. 2003) . If this is the case, hibernators should respond to increased energy availability by reducing their use of torpor. If reduced torpor expression by hibernators typically reflects an absence of energetic necessity rather than a lack of physiological capability, many interpretations about the ecological implications of variation in torpor expression will be reversed or qualified (see Humphries et al. 2003) .
Evidence for an inverse relationship between energy availability and torpor expression in hibernators is currently limited to general, interspecific patterns (French 1988; Humphries et al. 2001 ) and a few captive studies on food-storing species (Reichman and Brown 1979; French 2000) . Food-hoarding and large, fat-storing hibernators are capable of acquiring much larger, prehibernal energy reserves than small fat-storing species, and possibly as a result, the former express shorter and shallower torpor bouts than the latter (French 1988; Humphries et al. 2001) . At an intraspecific level, French (2000) has recently demonstrated that captive chipmunks (Tamias striatus) respond to increased hoard size by expressing shorter torpor bouts; anecdotal evidence suggests that pocket mice may respond similarly (French 1976 (French , 1989 Reichman and Brown 1979) . Nev- . As a result, hypotheses about the pattern and function of torpor expression should be evaluated in the field whenever possible, especially when considering ecological variables like energy availability. In this article, we provide the first experimental test of the torpor optimization hypothesis in a natural environment by supplementing the food hoards of free-ranging eastern chipmunks near the onset of hibernation and comparing their subsequent torpor use to controls. Eastern chipmunks are classic food-storing hibernators, displaying no significant increases in autumn body mass (Wrazen and Wrazen 1982) but instead establishing a larder hoard of tree seed in their burrow before their 4-7-mo hibernation period (Wang and Hudson 1971; Elliot 1978; Humphries et al. 2002) . Because of their reliance on stored food and solitary winter occupancy of burrows, we were able to manipulate hibernation energy availability directly in the field by providing designated individuals with supplemental food near their burrow entrances. The staple winter food of eastern chipmunks throughout much of their range is seeds produced by hardwood trees (e.g., oak, Quercus spp., American beech, Fagus grandifolia, and sugar maple, Acer saccharum; Elliot 1978) , which mature and fall to the ground in September and October. Following a severe ice storm at our study site in January 1998 that caused extensive damage to the forest canopy, there were no seed crops produced by any of the three dominant hardwoods (A. saccharum, F. grandifolia, and Quercus rubra) in two successive years. This provided the unusual opportunity to document the effect of food supplementation on the torpor patterns of free-ranging hibernators in 2 yr with extremely scarce alternative food resources.
Material and Methods
We studied a free-ranging, marked population of chipmunks at McGill University's Gault Nature Reserve, Mont Saint Hilaire, Quebec, Canada (45.5ЊN, 73.1ЊW), using general methodology described by Clarke and Kramer (1994) and Humphries et al. (2002) . All chipmunks at this site are ear tagged, are individually marked for visual identification, and have a known burrow location. In this population, individuals remain below ground in an extensive burrow system for 4-7 mo each winter, persisting on a larder hoard of seed established in late summer and autumn.
Because chipmunks rely on stored food and live solitarily in burrows, their hibernation energy availability can be manipulated directly in the field via individual-based food supplementation. We conducted the study during the autumn and winters of 1998-1999 and 1999-2000 . As a result of the low abundance of tree seeds in these years (M. M. Humphries, unpublished data), nonsupplemented individuals were likely to have small natural hoard sizes. Supplementation of hoard sizes was achieved by placing a food-filled box over a burrow entrance for 1-3 h and allowing the owner to transfer the contents to its burrow. Burrow locations were visited regularly while the box was in place to ensure that only the burrow owner was transferring food from the box. Over an approximate 5-d period just before autumn immergence, food-supplemented individuals were provided with the energy required to remain constantly euthermic throughout the subsequent winter (31,500 kJ, 1,600 g; Wang and Hudson 1971) . Although the amount of food we provided was substantial, the manipulation is likely well within the range of natural variation for chipmunks, given their considerable hoarding capacity and reliance on highly variable mast production by hardwood trees (Elliot 1978; Humphries et al. 2002) . Boxes were also placed over the burrows of control individuals for a similar amount of time but contained only one peanut per day.
In October 1998 we randomly assigned 13 juvenile (!8 mo old) chipmunks (average body g, -101 mass p 87 range p 74 g; five males, eight females) to food supplementation or control treatments and provided supplemented individuals with approximately equal portions (kJ) of one natural food type (acorns, Quercus rubra) and two artificial ones (sunflower seeds, peanuts). In October 1999 we randomly assigned 15 adult (11.5 yr old) chipmunks (average body mass p 92 g, -104 range p 83 g; six males, nine females) to the same treatments and provided supplemented individuals with equal portions of sunflower seeds and peanuts. Sunflower seeds and peanuts are both high in the polyunsaturated fatty acid (PFA) linoleic acid, which has been shown to increase torpor expression in another species of chipmunk (Tamias amoenus; Geiser and Kenagy 1987) and several other species of hibernators (e.g., Geiser 1993; Geiser 1998 control, 5.3, 3-7; 1999 food supplemented, 3.3, 3-4; 1999 control, 9.2, 4-11) . The number of individuals initially increased over time because of asynchrony in the timing of first torpor expression then decreased over time because of radio transmitter failure; observations were terminated in both years when transmitter failure resulted in in either treatment. Patterns of torpor expression did not differ n ≤ 2 between the sexes. and Heldmaier 1995) . Although Frank and Storey (1995) found that high levels of PFA could inhibit torpor in ground squirrels, the PFA content of our composite diets in 1998 (41%) and 1999 (51%; estimated from data presented in USDA Handbook 8-12 [USDA 1984]) were within the range of PFA levels found to enhance torpor expression in other granivorous species (39%: Geiser and Kenagy 1987; 69%: Geiser and Heldmaier 1995) .
To permit documentation of subsequent torpor use, study animals were fitted with temperature-sensitive radio collars (model MD-2CT, Holohil Systems, Carp, Ontario; transmitter mass, 2-3 g) and monitored with a data-logging radio receiver (model SRX-400-W-18, Lotek Engineering, Newmarket, Ontario). Temperature-sensitive transmitters mounted next to the skin have been shown previously to provide a reliable index of core body temperature of inactive animals, with a usual accuracy of ‫2ע‬ЊC (Geiser and Heldmaier 1995; Audet and Thomas 1996; Körtner and Geiser 2000) . However, when transmitters are attached around the neck with a loop collar, active, euthermic chipmunks are characterized by temperature readings 0Њ-8ЊC below normal body temperature (M. M. Humphries, unpublished data). Therefore, we classified individuals as torpid only when their collar temperature reading was less than 30ЊC. This classification will result in the initial stages of entry into torpor and the final stages of arousal from torpor to be classified as euthermy but should correctly classify most of the entry and arousal stages, and all baseline torpor that collectively account for the vast majority of the time hibernators spend in torpor.
Limited radio transmitter range combined with moderate dispersion of study animals' burrows prevented us from continuously sampling collar temperatures. Instead, we used an instantaneous sampling protocol, similar to those used to quantify animal behavior (Altmann 1974) . This approach makes no attempt to document the start point, end point, or transitions between different torpor states but relies instead on repeated, snapshot samples of collar temperatures to provide an unbiased estimate of the time spent euthermic by different chipmunks. We visited the burrow location of each chipmunk repeatedly from mid-October until radio transmitter failure reduced sample size to ≤2 in any treatment (mid-February in 1998, late December in 1999). For each visit, we classified the chipmunk as euthermic or torpid according to whether its collar temperature was greater or less than 30ЊC during a 10-min interval. On the basis of this classification, for each chipmunk we calculated the date of first torpor expression and, following this date, the proportion of observations for which it was euthermic during 2-wk (1998; , -18 observations average p 5.6 range p 4 per chipmunk per observation period) or 1-wk intervals (1999; , -12 observations per chipmunk per average p 5.2 range p 4 observation period). We also noted the minimum, 10-min average collar temperature for each individual observed in torpor at least five times. Despite its limitations, our sampling approach provides an unbiased estimate of the time spent euthermic by food-supplemented and control chipmunks, and it thus permits a direct test of the prediction that chipmunks with surplus energy availability will express more euthermy than control individuals. Because temporal trends of torpor expression were similar for the two treatments in both years (see results), we condensed all observations taken during the early winter sampling period (October 15-December 24; the period for which we obtained data in both years) to calculate a single "proportion of observations euthermic" value for each individual. To avoid temporal bias as a result of variation in sampling effort, we averaged biweekly (1998) or weekly (1999) proportions for each individual, rather than calculating the total proportion of observations in which an individual was eu- Figure 2 . Effects of food supplementation on torpor expression by freeranging eastern chipmunks (1998 food supplemented, n p 5 n p 7 controls; 1999 food supplemented, 1 controls). A, Timing n p 4 n p 1 (days since January 1) of first torpor expression in autumn. B, Proportion of time spent euthermic between the onset of torpor expression and late December. C, Minimum observed collar temperature while torpid. Error bars represent ‫1ע‬ SE.
thermic. There were no significant sex differences in torpor expression. Proportions were arcsine transformed before statistical analysis, which followed a basic two-way ANOVA approach with year and treatment as factors. A repeated-measures statistical analysis would have been preferable given our sampling approach but was prevented by progressive transmitter failure during winter combined with small sample sizes per year per treatment.
In addition to the instantaneous sampling approach described above, we used continuous, data-logging recording to document one complete torpor arousal cycle for four control female chipmunks in January or February. These continuous data are not included in the statistical analysis and are presented in Table 1 only.
Results
Torpor expression of free-ranging chipmunks was strongly influenced by experimentally manipulated energy availability.
There was a pronounced increase in torpor expression (decrease in euthermy) over the course of both winters, but foodsupplemented individuals were consistently euthermic for a much greater proportion of observations than controls, in both years of study (Fig. 1) . Food supplementation did not affect the timing of first torpor expression ( Fig. 2A ; treatment main effect , ), and all but one individual ex-F p 0.0 P p 0.99 1, 24 pressed at least some torpor. However, following their first torpor expression, supplemented individuals spent more than twice as much time euthermic as controls during early winter ( Fig. 2B ; treatment main effect , ). Al-F p 44.7 P ! 0.0001 1, 24 though the 2 yr involved different age classes, experimental food sources, and natural food abundance (M. M. Humphries, unpublished data), the extent of torpor expression during early winter was similar in both years (year main effect , F p 1.3 1, 24 ; treatment by year interaction , ).
In addition, when food-supplemented individuals did express torpor, they were characterized by minimum collar temperatures 5Њ-10ЊC higher than controls ( Fig. 2C ; treatment main effect , ). Minimum observed collar tem-F p 17.6 P p 0.001 1, 17 peratures tended to be higher in the second year of study, but the difference between years was not statistically significant (year main effect , ; treatment by year in-F p 3.5 P p 0.079 1, 17 teraction , ). Although our total sample size F p 1.1 P p 0.30 1, 17 pooled across the 2 yr of study ( food supplemented, n p 9 controls) provides a reasonably robust test of our cenn p 18 tral prediction, comparisons between sexes and years are characterized by low statistical power; findings of no significant difference therefore should be interpreted with caution.
Continuous recording of the torpor bouts of four control individuals revealed torpor bout lengths as long as 5 d and baseline collar temperatures as low as 6Њ-7ЊC (Table 1 ). The duration of torpor intervals was highly variable, while arousal durations were relatively consistent.
Discussion
By demonstrating a pronounced, negative effect of hoard size on torpor expression, our results provide the first evidence that free-ranging hibernators use available energy reserves to minimize torpor expression. In addition to spending less time in torpor, food-supplemented chipmunks were characterized by significantly higher minimum collar temperatures when in torpor. These results are consistent with predictions based on a torpor optimization paradigm proposed by French (1988) and elaborated by Humphries et al. (2003) , suggesting that torpor is associated with important costs that cause hibernators to use available energy to minimize their use of torpor. Nutritional and environmental factors that result in reduced torpor expression are often assumed to reflect costly physiological constraints (e.g., Frank and Storey 1995; Geiser and Heldmaier 1995) . Our results suggest that, at least for chipmunks, reduced torpor expression may also reflect an ecological luxury of surplus energy. Because our comparisons involve only limited sampling of the torpor use of a relatively small sample of control and food-supplemented individuals, additional studies are needed to better resolve the influence of energy availability on the patterns of winter torpor expression of free-ranging chipmunks.
On the basis of literature demonstrating that low or unnaturally high levels of dietary polyunsaturated fatty acids (PFA) lead to reduced torpor expression (Geiser 1993; Frank and Storey 1995) , it might be suggested that our diets were unbalanced in PFA and therefore led to a suppression of "normal" torpor expression. But because our composite diets had an average PFA content approximating levels previously demonstrated to enhance torpor expression by other granivores (Geiser and Kenagy 1987; Geiser and Heldmaier 1995) , and because the different food types provided a range of PFA content (acorns 20%, peanuts 33%, sunflower seeds 66%; USDA 1984), it seems unlikely that PFA served as an important constraint on the torpor expression of food-supplemented animals. Nevertheless, future studies of the role of energy availability in torpor expression should include a more explicit examination of the importance of food composition. Conversely, research on the effects of diet and environmental factors on torpor expression should more fully consider the role of energy availability in observed torpor patterns.
As far as we are aware, our measures of chipmunk torpor expression are the first for a free-ranging, food-storing hibernator. Several authors have commented on the tendency of food-storing species to express highly variable torpor in captivity (Wang and Hudson 1971; Davis 1976; Waßmer and Wollnik 1997; Humphries et al. 2001) , and our results demonstrate that this also occurs under natural conditions. The response of chipmunks to food hoard supplementation in the laboratory (French 2000) and the field (this study) suggests that much of this variability may be related to differences in actual or perceived energy availability. The maximum torpor bout length (121 h) and minimum torpor collar temperature (6.4ЊC) we observed in the field approximate maximum levels of torpor expression by eastern chipmunks and other food-storing hibernators in captivity (French 2000; Humphries et al. 2001) but were much shorter and shallower than those typically expressed by captive or free-ranging fat-storing hibernators (Geiser and Ruf 1995; Humphries et al. 2001 ). As we argue in the accompanying review (Humphries et al. 2003) , given that food storage far exceeds fat storage in potential for accumulating large energy reserves, differences in the torpor expression of food-and fat-storing species may also result from differences in energy availability during hibernation.
There is now empirical support for torpor minimization in both major groups of North American food-storing hibernators (Perognathus spp. and Tamias spp.) but relatively little direct evidence from fat-storing species. Some fat-storing hibernators require food deprivation or exposure to cold temperatures to initiate torpor in the laboratory (e.g., Harlow and Menkens 1986; Otsu and Kimura 1993) , and there is evidence from bats and ground squirrels that hibernation mass loss is positively correlated with fat reserves at the onset of hibernation (Mrosovsky 1976; Ransome 1990 ). Finally, fat-storing Belding's ground squirrels (Spermophilus beldingi) terminate torpor expression in captivity earlier in spring if they have large energy reserves (French 1982) .
Additional data on the relationship between energy availability and torpor expression in a greater diversity of hibernating mammals are needed to establish the generality of torpor avoidance in endotherms. Nevertheless, available evidence for its occurrence in several taxa seems clearly sufficient to question whether optimal hibernation patterns are necessarily those that involve the maximum depth and duration of torpor bouts (sensu Geiser et al. 1990; Frank and Storey 1995; Harlow and Frank 2001) . Resolving whether variation in torpor expression by hibernating mammals primarily results from differences in physiological constraints or differences in energetic necessity remains critical to understanding both the physiological and ecological implications of metabolic suppression in endotherms.
